We have evaluated the predictive ability of a simple method combing the efficient cluster packing model of metallic glasses proposed by Miracle, chemical mixing enthalpy and the normalized configurational entropy S config =R in rapidly locating the bulk metallic glass (BMG)-forming composition region, in four multicomponent alloy systems. It is shown that the BMG-forming regions are similar in the topologically and chemically equivalent La-Al-Co and Ce-Al-Co alloy systems. However, in the topologically equivalent Zr-Ti-Cu-Ni and Zr-Ti-Al-Cu-Ni alloy systems, the BMG-forming regions are quite different due to the difference in chemical bonding between constituents. BMG formation is most probably a compromise between topological and chemical effects. This method could be a new approach to rapidly locate BMG-forming composition region in multicomponent alloy systems, in which eutectic compositions are difficult to be measured in experiments.
Introduction
It has been found that the glass-forming ability (GFA) is sensitive to composition in multicomponent alloy systems, 1, 2) and a number of criteria were proposed during the past decades to analyze and predict GFA. The qualitative criteria widely used are atomic size ratio, 3, 4) multicomponent systems, 5) heat of alloy formation 3) and valence electron concentration, 6) and it is experimentally observed that glass formation occurs most easily in system possessing a deep eutectic minimum in the phase diagram and is usually restricted to a quite narrow concentration region around the eutectic. The commonly used quantitative parameters are T rg (T g =T l ), 7) ÁT x (T x À T g ), 8) (T x ðT g þ T l Þ), 9) etc. Unfortunately, none of them works well for all alloy systems, or even in a narrow composition region in a given alloy system. Furthermore, as pointed out by Rao et al., 10) these quantitative parameters have not true predictive ability because they need the alloy considered to be first prepared in glassy form, to be able to measure the glass transition temperature and/or the crystallization temperature. Therefore, many parameters have been proposed such as Gibbs free energy difference ÁG a-ss between amorphous phase and solid solutions phase, 10) melting enthalpy ÁH m , 11) a product of thermodynamic parameter (ÁH chem Â S =k B ), 12) to predict GFA of alloy systems without the need of preparing them in glass form. Recently, some efforts have been made to search for GFA of alloy systems by the CALPHAD (Calculation of Phase Diagram) approach. [13] [14] [15] It seems that a parameter, which can be used to accurately evaluate and predict GFA in a given alloy system to a narrow composition region, is not available up to now. However, we can locate the composition region with high GFA with one or more appropriate parameter, to some extent, to avoid tedious experimentally pinpointing of the whole composition region.
There are more and more difficulties in searching for the glass-forming regions of multicomponent alloy systems, with the increasing atomic species. Therefore, it will be helpful for theoretical and experimental researches to predict the glassforming region of multicomponent alloy systems. For the past several years, glasses formation in La-Al-Co, Ce-Al-Co ternary alloy systems, Zr-Ti-Cu-Ni quaternary alloy system and Zr-Ti-Al-Cu-Ni quinary alloy system are well studied, and they are suitable for investigating the topological and chemical effects on BMG formation.
In the present study, we evaluate the predictive ability of a method combing with the efficient cluster packing model of metallic glasses proposed by Miracle, [16] [17] [18] and chemical mixing enthalpy, the normalized configurational entropy, in rapidly locating composition region with high GFA, in which BMGs can be prepared, in these alloy systems.
Method
Recently, Miracle proposed an efficient cluster packing model for metallic glass. [16] [17] [18] In this model, solvent atoms and solute atoms form the solute-centered cluster in the first coordination shell, solute atoms and occupy clusteroctahedral interstices and cluster-tetrahedral interstices, respectively. The convention chosen here is that the largest solutes are atoms, and and solutes are progressively smaller. Then, the solute-centered clusters are efficiently packed by faced-centered cubic (fcc) packing or simple cubic (sc) packing. The glass-forming composition in an alloy system can be calculated with the solute to solvent atomic radius ratio R in the first coordination shell and the packing style of the solute-centered clusters.
Results and Discussion
It was observed that the configurational entropy normalized by the gas constant
,C x i ln x i for ternary metallic BMGs ranges from 0.8 to 1.
12) The contours of S config =R being equals to 0.8 and 1 are plotted in all figures.
The La-Al-Co ternary alloy system is topologically equivalent to the Ce-Al-Co ternary alloy system, because the atomic radius of La is equivalent to Ce (r La ¼ 0:187 nm % r Ce ¼ 0:182 nm 18) ). The atomic radius of other atoms are r Al ¼ 0:143 nm, r Co ¼ 0:128 nm. The relative atomic radius of Al to Ce is R ¼ 0:786, which is close to the critical radius ratio 0.799 with the coordination number N ¼ 10, the relative atomic radius of Co to Ce is R ¼ 0:703, which is close to the critical radius ratio 0.710 with the coordination number N ¼ 9. According to Miracle's efficient cluster packing model, the structure of metallic glasses in both ternary systems is h10; 9i sc , that is, sc packing of clusters with La (Ce) occupying sites, Al occupying sites, Co occupying sites, and there are no sites. The chemical mixing enthalpies between constituents in both systems are ÁH
19) The largest negative chemical mixing enthalpy between La (Ce) and Al atoms further stabilize the solutesolvent bonding in the first coordination shell thermodynamically, and other negative chemical mixing enthalpies also stabilize the topologically dense packing structure.
The predicted composition of metallic glasses in both systems is La(Ce) 76 Al 12 Co 12 , which is denoted by tilted cross in Fig. 1 and Fig. 2 , according to the efficient cluster packing model. It is shown in Fig. 1 and Fig. 2 that BMGs in both systems form within the region near the predicted composition with S config =R ranging from about 0.8 to about 1. The predicted results based on this simple method combing with the efficient cluster packing model of metallic glasses, chemical mixing enthalpy, and the normalized configurational entropy are in good agreement with experiments, 20) when the overlapping among clusters and defects in the efficient cluster packing model are taken into account.
16) It also can be seen that two topologically equivalent alloy systems with similar mixing enthalpies between constituents have similar BMG-forming region, as what was expected.
The Zr-Ti-Cu-Ni quaternary alloy system is a pseudoternary Zr-Ti-Cu(Ni) alloy system, due to the equivalent atomic radius between Cu and Ni (r Cu ¼ 0:1278 nm % r Ni ¼ 0:12459 nm), and the chemical mixing enthalpies between elements are ÁH 19) The possible cluster packing are: Cu(Ni) occupying sites, Zr occupying sites, Zr and/or Ti occupying and sites; Zr occupying sites, Ti occupying sites, Ti and/or Cu(Ni) occupying and sites; Ti occupying sites, Zr occupying sites, Zr and/or Cu(Ni) occupying and sites. However, the second and the third packing are not supported because the chemical mixing enthalpy, which represents the degree of bonding, between the solute and solvent atoms Ti and Zr is 0 kJ/mol in the first coordination shell. As pointed out by Miracle, 16) strong solute-solvent bonding is required to form solute-centered cluster in the efficient cluster packing model.
The predicted composition is Cu(Ni) 71 Zr 7 Ti 22 , which is denoted by tilted cross in Fig. 3 . The composition region near to the predicted composition with S config =R ranging from about 0.8 to about 1 should be the BMG-forming region. This prediction is confirmed by the good agreement between the predicted and experimental results, 21) when the overlapping among clusters and defects in the efficient cluster packing model are taken into account.
16) It also can be clearly seen Fig. 1 The contours of S config =R being equals to 0.8 and 1, in the composition diagram of the La-Al-Co alloy system. BMGs 20) are denoted by circles, the predicted glass-forming composition is denoted by tilted cross. Fig. 2 The contours of S config =R being equals to 0.8 and 1, in the composition diagram of the Ce-Al-Co alloy system. BMGs 20) are denoted by circles, the predicted glass-forming composition is denoted by tilted cross. Fig. 3 The contours of S config =R being equals to 0.8 and 1, in the composition diagram of the Zr-Ti-Cu-Ni quaternary alloy system. BMGs 21) are denoted by circles, the predicted glass-forming composition is denoted by tilted cross.
Bulk Metallic Glass-Forming Region of Four Multicomponent Alloy Systemsthat there are two separate BMG-forming regions in Cu-ZrNi-Ti alloy system, which may result from the Ni-centered clusters with Zr atoms occupying sites and Ti-centered clusters with Ni atoms occupying sites due to the large negative chemical mixing enthalpies between them.
Similarly, the Zr-Ti-Al-Cu-Ni quinary alloy system is also a pseudo-ternary Zr-Ti(Al)-Cu(Ni) alloy system, due to the equivalent atomic radius between Cu and Ni, Ti and Al. The chemical mixing enthalpies between constituents are: 19) With the addition of Al atoms, the situation is quite different. The large negative mixing enthalpy between Zr and Al produces strong chemical short order in the first coordination shell, and the mostly large negative chemical mixing enthalpies further stabilize the efficient fcc packing of clusters with Zr occupying sites, Al occupying sites, Cu(Ni) and Ti occupying sites and/or sites. Therefore, BMGs form in a narrow composition region, which near to the predicted composition Zr 60 Al(Ti) 10 -Cu(Ni) 30 with S config =R ranging from about 0.8 to about 1. It can be seen in Fig. 4 that BMGs prepared in experiments 22) are well within the predicted region, when the overlapping among clusters and defects in the efficient cluster packing model are taken into account. 16) It can be seen in these figures that in topologically and thermodynamically similar alloy system, BMGs form in similar regions. However, the BMG-forming region is quite different in topologically equivalent but thermodynamically different alloy systems. A strong solute-solvent bonding is required to form a stable cluster in the first coordination shell, when the cluster is efficiently packed.
It could be concluded that a simple method combing topological, chemical analysis and S config =R can be used to rapidly locate BMG-forming composition region, especially for multicomponent alloy systems, in which the eutectic composition is difficult to obtain.
Summary
We have evaluated the predictive ability of a simple method combing with topological, chemical analysis and S config =R in rapidly locating the BMG-forming composition region, in La-Al-Co, Ce-Al-Co ternary alloy systems, Zr-TiCu-Ni quaternary alloy system and Zr-Ti-Al-Cu-Ni quinary alloy system. It was found that the chemical mixing enthalpies between constituents and efficient cluster packing are two dominate factors in BMG formation, and BMGs form in composition region with S config =R ranging from about 0.8 to about 1. In topologically and thermodynamically similar alloy system, BMGs form in similar regions. However, the BMG-forming region is quite different in topologically equivalent but thermodynamically different alloy systems. A strong solute-solvent bonding is required to form a stable cluster in the first coordination shell, when the cluster is efficiently packed. It could be concluded that this simple method can be used to rapidly locate BMG-forming composition region, especially for multicomponent alloy systems, in which the eutectic composition is difficult to obtain.
